The ferroelectric polarization switching in ferroelectric hafnium zirconium oxide (Hf0.5Zr0.5O2, HZO) in the HZO/Al2O3 ferroelectric/dielectric stack is investigated systematically by capacitance-voltage and polarization-voltage measurements. The thickness of dielectric layer is found to have surprisingly unexpected but significant impact on the ferroelectric polarization switching of ferroelectric HZO. A suppression of ferroelectricity is observed with thick dielectric layer. The difference between thick and thin dielectric layer is attributed to the leakage-currentassist switching through the dielectric layer and a theoretical explanation is provided. The interfacial coupling effect between the ferroelectric layer and dielectric layer is also observed, showing a capacitance enhancement compared to ferroelectric capacitor and dielectric capacitor in series. This work unveils some of the critical parts of the long-standing confusions and debating related to negative capacitance field-effect transistors (NC-FETs) concepts and experiments. It also addresses an important question that ferroelectric field-effect transistors can . conceived the idea of FE/DE stack and supervised the experiments. M.S. and X.L. did the ALD deposition and device fabrication. M.S. and X.L. performed DC electrical measurements and analysis. P.D.Y. and M.S. proposed the idea of DC enhancement on Fe-FETs. M.S. and P.D.Y. co-wrote the manuscript and all authors commented on it.
offer DC enhancement from the perspective of ferroelectric switching only, suggesting the potential of using ferroelectric-gated field-effect transistors for low-power logic applications.
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MAIN TEXT
A ferroelectric material has two stable polarization states with different directions, which are switchable by the external electric field, and thus is extensively explored for non-volatile memory applications. Using ferroelectric field-effect transistors (Fe-FETs) as FET-type ferroelectric memory is a promising ferroelectric memory architecture, because of its high density and non-destructive readout. [1] [2] [3] [4] Recently, using a ferroelectric-gated transistor as a negative capacitance field-effect transistor (NC-FET) has attracted tremendous attention as a novel steep-slope device. [5] [6] [7] [8] [9] In both cases, a ferroelectric (FE) insulator and linear dielectric (DE) insulator bilayer stack is an important structure that is applied in both Fe-FETs and NC-FETs.
The necessity of such a linear DE layer is because an interfacial oxide layer between semiconductor channel and FE insulator is required to improve the ferroelectric/semiconductor interface and meanwhile provide sufficient capacitance matching if quasi-static negative capacitance (QSNC) concept is applied for the development of NC-FETs. 5 One important fact, which has been overlooked in the past several years, is that the FE/DE stack capacitor is fundamentally different from a FE capacitor and DE capacitor in series. 10, 11 Therefore, the complete understanding of the impact of DE layer on the ferroelectric properties of a FE/DE stack is crucial to understand the ferroelectric switching mechanism in Fe-FETs and NC-FETs.
Ferroelectric hafnium oxide, such as hafnium zirconium oxide (Hf0.5Zr0.5O2, HZO), has been recently discovered as an ultrathin CMOS compatible high performance ferroelectric 3 insulator. 12, 13 Therefore, HZO is chosen as the FE insulator for this study and Al2O3 is chosen as the linear DE insulator to study the ferroelectric polarization switching in the FE/DE stack. As is well-known that ferroelectric HZO has a thickness-dependent remnant polarization (Pr) at about 10-30 μC/cm 2 . 14, 15 However, a conventional dielectric insulator cannot support such a large charge density. For example, Al2O3 has a typical dielectric constant (k) of 8 and a breakdown electric field less than 1 V/nm. 16 The calculated charge density at breakdown electric field is about 7 μC/cm 2 , which is the maximum charge density (Qmax) for ideal Al2O3 to be able to support without breakdown. Note that in reality, this value for Qmax is much smaller. As can be see that, even in ideal case, there is a big gap between the remnant polarization in HZO and the maximum charge density in Al2O3. This fact can also be generally applied to other FE/DE stack systems. Thus, this puzzle and confusion in the field, which has not been clarified, is that how can ferroelectric polarization switching happen in a FE/DE stack without sufficient charge balance? And can the ferroelectric polarization switching in FE insulator eventually break down the DE insulator due to the high charge density?
Here, to address this puzzle, the ferroelectric polarization switching of HZO in the HZO/Al2O3 FE/DE stack is investigated systematically by capacitance-voltage (C-V) and polarization-voltage (P-V) measurements. The thickness of dielectric layer is found to have unexpected but significant impact on the ferroelectric polarization switching of ferroelectric HZO. The suppression of ferroelectricity is observed with thick dielectric layer. The difference between thick and thin dielectric layer is attributed to the leakage-current-assist switching through the linear dielectric layer and a theoretical explanation is provided. It is confirmed that the charge needed for ferroelectric polarization switching comes from the leakage current through the thin dielectric layer. Without such leakage current, the FE HZO cannot be fully polarized.
The capacitances of DE layer, FE layer and FE/DE stack are studied and compared. The interfacial coupling effect between the ferroelectric layer and dielectric layer is also observed for the first time in HZO system, showing a capacitance enhancement compared to ferroelectric capacitor and dielectric capacitor in series. A QCNC enhancement in HZO/Al2O3 stack is not observed with the same conclusion as the measurement of DE capacitor and FE capacitor externally connected. This experimental result is only suitable in multi-domain ferroelectric insulator such as HZO system, being different from other materials systems. 17 It is still unclear whether in single domain case QCNC enhancement exists or not. 11, [18] [19] [20] It is clear that ferroelectric polarization switching can lead to the sub-60 mV/dec subthreshold slope (SS) in ferroelectric-gated transistors. But hysteresis in transfer characteristics is unavoidable, if not considering charge trapping process. 21, 22 Note that the concept of transient NC effect in Fe-FETs 21,22 is fundamentally different from the concept of QSNC effect in NC-FETs. 5 But it is unclear whether performance benefit is achievable or not with a hysteretic and sub-60 mV/dec device. Here, the authors want to emphasize that ferroelectric polarization switching and polarization charge in Fe-FETs can offer DC enhancement (IOFF reduction and ION enhancement simultaneously), with the existence of hysteresis and without incorporating QSNC explanation. All transient effects of ferroelectric dynamic polarization switching [23] [24] [25] [26] are negligible in DC condition discussed in this work. Meanwhile, the hysteresis might not have serious impact in logic circuits if it is matched in between zero voltage and supply voltage (VDD).
Thus, this work addresses an important question that ferroelectric field-effect transistors can offer DC enhancement from the perspective of ferroelectric polarization switching only, suggesting the potential of using ferroelectric-gated transistor for low-power logic applications. The different capacitances at different voltages in C-V are attributed to the different dielectric constant due to the difference in atomic structures during the ferroelectric structural phase transition. The corresponding dielectric constants are calculated, as also shown in the right axis. The dP/dV values (up to ~15 μF/cm 2 ) are significantly larger than the capacitance in C-V measurement (less than 1 μF/cm 2 ), suggesting two ferroelectric switching events in the hysteresis loop. To further understand the physics behind the DE layer thickness dependence in the ferroelectricity of FE/DE stack, a theoretical analysis is provided, as shown in Fig. 4(c) . To understand the dynamic process of ferroelectric switching, this process is plotted by a two-step process: before ferroelectric polarization switching and after ferroelectric polarization switching.
As is well-known, the ferroelectric polarization switching is a structural phase transition, so it is always slower than the electron re-distribution. Thus, the two-step assumption is valid. For simplicity, it is assumed the FE layer has a dielectric constant of ϵFE (without considering ferroelectric polarization) and a thickness of tFE; the DE layer has a dielectric constant of ϵDE and a thickness of tDE. This situation is similar to two high-k dielectric stack. We define VTOT to be the voltage applied to the FE/DE stack, VDE to be the voltage across the DE layer and VFE to be the voltage across the FE layer. Therefore, before the ferroelectric polarization switching, the voltage across the DE layer is
There are totally three different cases according to the different DE thickness. Here, we first assume the leakage current is zero and then discuss the impact of leakage current. Firstly, if tDE is very thick, then VFE,init can be sufficiently small so that it is smaller than the coercive voltage (Vc) of the FE layer, according to eqn. (2) . Thus, no polarization switching can happen.
So, the C-V and P-E characteristics behave like a linear dielectric insulator. Secondly, if VFE,init > Vc but tDE is sufficiently thick, the FE layer cannot be fully polarized. As the polarization 8 switching happens, VDE increases until VFE reaches Vc and the polarization process cannot continue. In this case, the total polarization charge in FE layer (PFE) can be approximated as ϵDE(VTOT-Vc)/tDE, where we have PFE < Pr and VDE,final=PFE/(ϵDE/tDE). Thirdly, if the DE layer is thin enough, so that the second criterial does not meet anymore, we can have the FE layer fully polarized. So that VDE can be calculated as PFE=Pr and VDE,final=Pr/(ϵDE/tDE). It is clear that if PFE is larger than the maximum charge density in DE layer, VDE,final will be larger than the breakdown voltage (VBD) of the DE layer, which of course cannot happen. What is really happening in this process (if VDE,final > VBD) is when VDE rises from VDE,init to VDE,final, the DE layer first becomes leaky and these leakage charge will become the ferroelectric polarization charge so that VDE cannot reach VBD. All the ferroelectric polarization charges are balanced by the charge from leakage current instead of the charge in DE layer. Therefore, in thin DE limit, the ferroelectric polarization switching process is a leakage-current-assist process. At the extremely leaky limit, it becomes almost as metal-FE-metal structure. Here's a summary of all three cases, can be tuned accordingly. Therefore, if we plot the full bi-directional transfer characteristics, as the red line in Fig. 7(a) , a reduction in IOFF and an enhancement in ION are achieved simultaneously. This exactly shows the DC enhancement can be achieved using a Fe-FET structure. The difficulty in realization of such performance is that the Pr in conventional ferroelectric insulator material is so high that the hysteresis window become too large for logic applications. However, by using a DE layer for capacitance matching and using an internal metal gate to modulate the area ratio of AFE and ADE if it is needed, we can effectively reduce the hysteresis window, achieve DC enhancement in Fe-FET, design hysteresis occurring lower than half of VDD for logic switches.
Such experimental structure and experimental results were already reported in our previous publication with AFE/ADE ~ 100, as shown in Fig. 7(b) . 9 It is a MoS2 ferroelectric-gate 
